T he Sir2 family is an NAD + -dependent histone and protein deacetylase, which was originally identified as a regulator of gene silencing in yeast. 1 Sir2 is involved in a wide range of cellular responses such as stress resistance, senescence, tumorigenesis, and energy metabolism. 2 The Sir2 family of enzymes is well conserved from bacteria to humans, and 7 different homologs of yeast Sir2, called sirtuins or Sirt, exist in mammals. 3 Sirt7 is the only sirtuin localized predominantly in the nucleoli and regulates RNA polymerase I transcription. 4 Sirt7 is ubiquitously expressed throughout the body. 5 Sirt7 expression is increased in human breast cancer and hepatocellular carcinoma, 6, 7 and a recent study showed that Sirt7 regulates the invasion of cancer cells by specifically reducing the expression of tumor suppressor genes through deacetylation of H3K18. 8 It was also reported that Sirt7 expression is regulated by miR125a-5p and miR-125b and that Sirt7 promotes tumor growth via inhibition of transcriptional activation of p21. 7 Apart from its role in malignancy, we reported recently that Sirt7 controls lipid metabolism in the liver by regulating nuclear receptor TR4. 9 In another study, we also reported an aging-related decrease in cardiac Sirt7 transcript expression and that homozygous deletion of Sirt7 reduced life span and was associated with various cardiac phenotypic changes under basal conditions in aged mice. major role in carcinogenesis. 12 During cancer progression, TGF-β plays a critical role in fibroblast proliferation, the production of new extracellular matrix, and epithelial-mesenchymal transition. 12 TGF-β also promotes the phenotypic conversion of fibroblasts to pathological myofibroblasts, which express α-smooth muscle actin (SMA) and produce extracellular matrix. 13 Autophagy is an intracellular degradation process important for cellular homeostasis.
14 Although autophagy is a bulk self-eating system, it also degrades specific ubiquitinated substrates via adaptor proteins such as p62 and NRBI1 (neighbors of Brca1). 15 TGF-β receptor I (TβRI) protein is regulated, at least in part, by ubiquitination and proteasomal degradation. 16 However, the role of autophagy in TGF-β receptor protein degradation is unknown at present.
Given the important roles of TGF-β and Sirt7 in carcinogenesis, which involves extracellular matrix turnover, fibrosis, and angiogenic responses, we hypothesized that Sirt7 plays a role in tissue repair processes by modulating TGF-β signaling. To test this hypothesis, we investigated in the present study the role of Sirt7 in wound healing using homozygous Sirt7-deficient (Sirt7 −/− ) mice and in vitro gain-and loss-of-function experiments. The results demonstrated that Sirt7 contributes to proper wound healing process. The results also showed that Sirt7 stabilizes TβRI by modulating autophagy.
Methods Animals
Wild-type (WT) and Sirt7 −/− male mice on a C57BL/6 background were used in this study. The generation of Sirt7 −/− mice was described in detail previously. 10 All procedures were performed in accordance with the Kumamoto University animal care guidelines, which conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (publication No. 85-23, revised 1996).
Mouse Models

WT and Sirt7
−/− mice (10-12 weeks old) were used in all experiments. Mice were anesthetized with isoflurane or sodium pentobarbital (50 by guest on August 31, 2017 http://circ.ahajournals.org/ Downloaded from mg/kg IP) in all mice models. The myocardial infarction (MI) and hind-limb ischemia (HI) models were generated as described previously. 17, 18 Briefly, the trachea was cannulated with a polyethylene tube connected to a respirator (tidal volume, 0.6 mL; frequency, 110 breaths per minute). A left thoracotomy was performed between the fourth and fifth ribs. The pericardial tissue was removed, and the left anterior descending artery was visualized under a microscope and permanently ligated with 8-0 silk suture. Sham-operated mice underwent surgery but not left anterior descending artery ligation. In the HI model, the left femoral artery and vein were excised surgically. The transverse aortic constriction model was created with a 27-gauge needle as described previously. 19 The skin injury model was created with some modification as described previously. 20 Briefly, an 8-mm excisional wound was created on the midline of the dorsum with the use of a disposable biopsy punch (Kai Medical). The wound surface area was evaluated at 0, 3, 5, and 7 days after surgery. Mice were anesthetized with overdose pentobarbital, and hearts, skeletal muscle, and skin were rapidly excised and freeze clamped for subsequent analyses.
17
Hemodynamic Measurements and Echocardiography
Various left ventricular (LV) contractile performance parameters were measured. 17 Briefly, a 1.4F catheter tip micromanometer (Millar Instruments, Houston, TX) was introduced percutaneously into the carotid artery and gently advanced into the LV cavity in mice under anesthesia with isoflurane to minimize the potential effect of anesthetic agent on cardiac function. Cardiac pressure waves were recorded and analyzed with LabChart 7 Pro software (AD Instruments, Dunedin, New Zealand). Echocardiography was performed by investigators who were blinded to the identity of the mouse genotype. All recordings were performed in conscious mice.
Histological Analysis
Mice were euthanized at 3 days after MI, and heart tissue was harvested. Myocardial tissues were fixed in 4% paraformaldehyde, dehydrated, and embedded in paraffin. To determine the size of the fibrotic tissue, sections were stained with Masson trichrome. The densities of myofibroblasts and macrophages in the peri-infarct zone were assessed by α-smooth muscle actin (α-SMA) and FA-11 staining, respectively. Infarct size was calculated as total infarct circumference divided by total LV circumference. Infarct length and total LV circumference were measured along the endocardial and epicardial surfaces in each section. 21 In the HI model, the adductor muscle was assessed in 6-μm-thick frozen sections after staining with monoclonal rat antibodies specific for CD31, Gr-1, F4/80, and CD163. Sirt7 protein was detected by polyclonal antibody from Santa Cruz Biotechnology (No. H-105, Santa Cruz, CA). We analyzed 5 to 7 sections per animal. Analysis was performed digitally with Lumina Vision software (version 2.2, Mitani Corp, Tokyo, Japan).
Statistical Analysis
All data are presented as individual samples and mean values or mean±SEM. Differences between groups were analyzed by the unpaired Welch t test. In multiple-comparison tests, the P value was adjusted by the Bonferroni method. Survival rate was evaluated by the Kaplan-Meier method, and the log-rank test was used to compare survival curves of MI-operated WT and Sirt7 −/− mice. Quantitative blood flow imaging data and wound size in WT and Sirt7 −/− mice were compared by 2-way repeated-measures ANOVA. The significance level of a statistical hypothesis test was set at 0.05.
Results
Sirt7 Is Upregulated in Acute Wound Healing Lesion
First, we evaluated Sirt7 expression levels before and after cardiovascular injury in WT mice. Relative to the baseline, Sirt7 transcript expression tended to increase in the infarct border zone (BZ) at day 1 after MI and significantly increased at day 3 ( Figure 1A ). Sirt7 gene upregulation was sustained until day 14 after MI. Interestingly, Sirt7 transcript was not upregulated in the infarct remote zone throughout the experimental period. Immunohistochemical analysis showed increased Sirt7 protein expression in the BZ of infarction at day 3 after MI ( Figure 1A ). In contrast, pressure overload on the heart induced by transverse aortic constriction or chronic angiotensin II infusion did not alter myocardial Sirt7 expression ( Figure IA and IB in the online-only Data Supplement).
In the HI model, Sirt7 transcript expression was significantly increased in the ischemic adductor muscle tissue at day 7 after injury compared with sham-operated adductor muscle tissue ( Figure 1B ). Sirt7 protein was preferentially detected at postinjury day 7 at the site of inflammation in the ischemic gastrocnemius muscle ( Figure 1B ). Considered together, the above results suggest that acute tissue injury induces Sirt7 upregulation, particularly at the site of active wound healing process.
Sirt7 Contributes to Acute Wound Healing Processes
To investigate the functional role of Sirt7 in the wound healing process in vivo, we subjected WT and Sirt7 −/− mice Figure 2A Figure 2B ). Consistent with these findings, significantly lower gene expression levels of collagen I and plasminogen activator inhibitor-1 in the BZ were noted in Sirt7 −/− mice compared with WT mice at day 3 after MI ( Figure 2C ). However, no differences were observed in the mRNA expression levels between WT and Sirt7 −/− mice at days 1 and 14 after MI. Furthermore, the expression levels of matrix metalloproteinase-2, matrix metalloproteinase-9, and metallopeptidase inhibitor transcript were not different between WT and Sirt7 −/− mice ( Figure IIB in the online-only Data Supplement).
Differentiation of fibroblasts into myofibroblasts is required for appropriate wound healing. 22 The number of α-SMA-positive cells, that is, myofibroblasts, in the BZ was lower in Sirt7 −/− mice than WT mice ( Figure 2D ). On the other hand, there was no significant difference in the area stained by ED-A fibronectin between WT and Sirt7 −/− mice ( Figure  IIC in the online-only Data Supplement). There were no significant differences in the expression levels of other Sirtuins transcripts between WT and Sirt7 −/− mice ( Figure IID in the online-only Data Supplement).
In the skin injury model, wound size recovery was slower in Sirt7 −/− mice than WT mice ( Figure 2E ). Consistent with these results, the gene expression levels of collagen III and plasminogen activator inhibitor-1 were significantly lower in the skin incision boundary in Sirt7 −/− mice compared with WT mice ( Figure 2F ).
Loss of Sirt7 Reduces Angiogenic Responses
Next, we examined the role of Sirt7 in ischemia-induced angiogenic responses in the HI models of WT and Sirt7 −/− mice. Laser Doppler imaging showed significant impairment of blood flow recovery after HI in Sirt7 −/− mice but not in WT mice ( Figure 3A) . To investigate the extent of revascularization at the microcirculatory level, the capillary density was measured in histological sections harvested from the gastrocnemius muscle of the ischemic limb ( Figure 3B ). Quantitative analysis demonstrated significantly fewer CD31-positive cells at postischemia day 7 in Sirt7 −/− mice compared with WT mice. The transcript expression levels of angiogenic growth factors such as vascular endothelial growth factor, fibroblast growth factor 2, and plateletderived growth factor subunit B were significantly lower in the ischemic adductor muscle of Sirt7 −/− mice compared with WT mice ( Figure 3C ). However, there was no difference in hypoxia-inducible factor-1α protein level in ischemic adductor muscle between WT and Sirt7 −/− mice ( Figure III in the online-only Data Supplement).
Sirt7 protein and mRNA expression levels were higher in endothelial cells than cardiomyocytes and fibroblasts ( Figure 
Reduced Inflammatory Response in Sirt7 −/− Mice
Because tissue repair occurs after inflammation, we examined the inflammatory response in the myocardium of MI mice. As shown in Figure 4A , the number of FA-11-positive macrophages was significantly lower in the BZ of MI in Sirt7
−/− mice compared with WT mice. The mRNA expression levels of F4/80 and tumor necrosis factor-α were also significantly lower in the BZ of MI in Sirt7 −/− mice ( Figure 4B ). Likewise, in the HI model, the densities of neutrophils (Gr-1), macrophages (F4/80), and M2 macrophages (CD163) in the ischemic muscle were markedly lower in Sirt7 −/− mice compared with WT mice at postinjury day 1 ( Figure 4C ). Consistent with these observations, the mRNA expression levels of monocyte chemotactic protein-1 and tumor necrosis factor-α were lower in Sirt7 −/− mice compared with WT mice at postinjury day 1 ( Figure 4D ). The mRNA expression levels of the above molecules in nonischemic adductor muscle were not different between WT and Sirt7 −/− mice (data not shown). In vitro, knockdown of Sirt7 in human umbilical vein endothelial cells significantly reduced the mRNA and protein expression levels of vascular cell adhesion molecule-1 but not intercellular adhesion molecule 1 after tumor necrosis factor-α stimulation ( Figure Considered together, the above findings suggest that loss of Sirt7 gene results in low production of collagen and insufficient angiogenic and inflammatory responses, which together lead to impaired wound healing after acute tissue injury.
Loss of Sirt7 Reduces TβRI Expression and Its Downstream Signaling
TGF-β plays a central role in wound healing by modulating fibroblast chemotaxis, differentiation, and epithelial-mesenchymal transition. 23 To further investigate the molecular mechanism through which Sirt7 modulates the wound healing process, we evaluated TGF-β receptor protein levels and downstream signaling in neonatal rat cardiac fibroblasts treated with Sirt7 or control siRNA. As shown in Figure 5A , the TβRI (ALK5) protein level was decreased in Sirt7 siRNA-treated cardiac fibroblasts regardless of TGF-β1 stimulation. On the other hand, the TβRII protein level was not changed in Sirt7 siRNA-treated cardiac fibroblasts. Phosphorylation of smad2, smad3, smad1/5/8, and extracellular signal-regulated kinase decreased after TGF-β1 stimulation in Sirt7-knockdown cardiac fibroblasts ( Figure 5A and Figure  VIA in the online-only Data Supplement). Phosphorylation of p38MAPK tended to decrease in Sirt7-knockdown cardiac fibroblasts; however, the decrease did not reach statistical significant ( Figure 5A ). Consistent with these results, TGF-β1-induced collagen I and plasminogen activator inhibitor-1 transcript expression levels were significantly lower in Sirt7 siRNA-treated cardiac fibroblasts ( Figure 5B ). TβRI protein was significantly decreased in Sirt7 siRNA-treated neonatal rat cardiomyocytes and primary cardiac microvascular endothelial cells ( Figure VIB and VIC in the online-only Data Supplement). TGF-β1-induced phosphorylation of smad2 and connective tissue growth factor and plasminogen activator inhibitor-1 gene expression were significantly lower in Sirt7-knockdown rat cardiomyocytes ( Figure  VIB and VID in the online-only Data Supplement).
We also evaluated TGF-β signaling in mouse cardiac fibroblasts isolated from WT and Sirt7 −/− mice. TβRI protein level was decreased at baseline and 48 hours after TGF-β1 stimulation in Sirt7 −/− cardiac fibroblasts ( Figure 6A ). As shown in Figure 6B , phosphorylation of smad2 and p38 decreased after 48 hours of TGF-β1 stimulation in cardiac fibroblasts of Sirt7 −/− mice compared with WT mice. Furthermore, connective tissue growth factor and α-SMA mRNA expression levels were suppressed in Sirt7 Next, we examined myocardial TβRI protein levels in mice subjected to MI. There was no significant difference in myocardial TβRI protein level between sham-operated Sirt7 −/− and WT mice. However, the TβRI protein level in the BZ was significantly lower in Sirt7 −/− mice at day 3 after MI ( Figure 6E ).
We also performed Sirt7 gain-of-function experiments in rat cardiac fibroblasts using adenovirus vector ( Figure 6F ). Overexpression of Sirt7 was confirmed by Western blot analysis. In contrast to the loss of Sirt7 function, Sirt7 overexpression did not affect TβRI protein or Smad2 phosphorylation after TGF-β1 stimulation.
Sirt7 Maintains TβRI Protein by Interacting With Protein Interacting With Protein Kinase Cα
The nutrition status correlates closely with autophagy, 14 and Sirt7-mammalian target of rapamycin complex was reported to modulate autophagy. 24 Loss of Sirt7 accelerated TβRI breakdown in rat cardiac fibroblasts and mouse dermal fibroblasts after starvation ( Figure 5A and Figure VIIA in the online-only Data Supplement). Accordingly, we investigated in the next series of experiments whether Sirt7 regulates TβRI protein by modulating the autophagy pathway. The ratio of LC3-II to LC3-I was significantly increased whereas the p62 protein level was decreased in Sirt7 siRNA-treated rat cardiac fibroblasts ( Figure 7A ), cardiomyocytes, and microvascular endothelial cells ( Figure VIIB in the online-only Data Supplement). These results suggest that loss of Sirt7 activates autophagy in these cells. In another series of experiments, inhibition of autophagy by chloroquine significantly increased TβRI ( Figure 7B ), whereas induction of autophagy by rapamycin, a mammalian target of rapamycin inhibitor, decreased TβRI in rat cardiac fibroblasts ( Figure 7C ). Knockdown of Sirt7 decreased TβRI; however, pretreatment with chloroquine completely blocked TβRI downregulation ( Figure 7D ). These results suggest that Sirt7 maintains TβRI protein by modulating autophagy. Sirt1 and Sirt2 have also been implicated in autophagy. 25, 26 Knockdown of Sirt1, but not Sirt2, decreased the TβRI level ( Figure VIIC and VIID in the online-only Data Supplement).
Autophagy is a bulk degradation process and could alter the turnover of many cellular proteins. Therefore, we investigated the mechanisms by which loss of Sirt7 contributes to TβRI downregulation via selective autophagy. We focused on protein interacting with protein kinase-Cα (PICK1) because it has been shown to interact with TβRI and to increase TβRI degradation, and its effect was abolished by inhibition of autophagy. 27 In cardiac fibroblasts, the PICK1 protein level decreased by Sirt7 knockdown and by autophagy activator, whereas its level increased by autophagy inhibitor (Figure 7E and 7G) . These results indicate that the PICK1 level changes in parallel with TβRI, depending on the status of autophagy. The PICK1 level did not change by treatment with adeno-Sirt7 ( Figure VIIE in the online-only Data Supplement). Interestingly, our results also showed an interaction between Sirt7 and PICK1 but not Sirt7 and TβRI, suggesting that Sirt7 controls the PICK1-TβRI interaction ( Figure 7F ). Finally, PICK1 knockdown significantly increased TβRI and inhibited the effect of Sirt7 depletion on reducing TβRI ( Figure 7G ). Collectively, these results indicate that Sirt7 modulates TβRI through PICK1.
Discussion
Ample evidence points to the involvement of Sirt7 in the pathophysiological process of carcinogenesis. However, little is known about the role of Sirt7 in the repair of cardiovascular tissues. In the present study, we found that (1) Sirt7 contributes to scar formation, angiogenesis, and inflammation; (2) loss of Sirt7 attenuates TGF-β signaling, which is associated with a reduction in TβRI protein; and (3) Sirt7 maintains TβRI protein levels by modulating autophagy and PICK1. To the best of our knowledge, this is the first study to describe the functional role of Sirt7 in the tissue repair process in response to acute cardiovascular insults (Figure 8) . Impairment of the wound healing process is a feature of aging. 28 In the heart, aged mice exhibit less effective myocardial repair after MI. 29 The TGF-β signaling pathway plays a central role in the process of wound healing and scar formation. 30 TβRI and TβRII protein levels, as well as smad3 phosphorylation and α-SMA expression, are significantly reduced in fibroblasts of aged mice. 31 In addition, fibroblasts isolated from senescent hearts show a blunted response to TGF-ß stimulation. 32 Hence, it seems reasonable to assume that age-dependent impairment of wound healing is caused, at least in part, by impaired TGF-β signaling. Interestingly, Sirt7 expression is reduced in the aging myocardium, 10 suggesting that a potential functional link is required for restriction of TGF-β signaling. 33 Here, we demonstrated that loss of Sirt7 decreased TβRI protein levels and reduced downstream signaling, indicating that Sirt7 is important in maintaining TβRI expression and proper wound healing.
In contrast to the loss-of function experiments, we did not detect significant changes in TβRI in the in vitro Sirt7 overexpression experiment ( Figure 6F ). The discrepancy between loss-and gain-of-function experiments could be attributable to the threshold effect. As shown in Figure 6E , TβRI was not increased in the WT MI group even under the condition of Sirt7 upregulation ( Figure 1A ). On the other hand, Sirt7 deficiency was associated with a significant reduction in TβRI after MI. These results suggest that upregulation of Sirt7 at the wound site maintains stable TβRI levels and that no further increase in TβRI is required for appropriate wound healing in the mouse model used in this study.
TβRI is degraded by the ubiquitin/proteasome pathway. 16 However, some ubiquitinated proteins are selectively degraded by autophagy through adaptor proteins such as p62 and NBR1 15 . In this study, induction of autophagy significantly reduced TβRI, whereas inhibition of autophagy increased TβRI in rat cardiac fibroblasts (Figure 7C ), suggesting that TβRI levels are regulated, at least in part, by autophagy. To determine the effects of autophagy, we measured both the LC3 II/I ratio and the expression level of p62 because it has been suggested that the LC3 II/I ratio changes in the same direction curing both stimulation and inhibition of autophagy. 34 In contrast, p62 protein is specifically downregulated after stimulation of autophagy and upregulated after inhibition of autophagy. 35, 36 Our data also showed that loss of Sirt7 activated autophagy ( Figure 7A ). Sirt7 is known to inhibit autophagy through its interaction with mammalian target of rapamycin. 24 Therefore, it is reasonable to hypothesize that Sirt7-dependent TβRI regulation is mediated by autophagy. In this regard, we found that Sirt7 mediates some of its effects by interaction with PICK1. PICK1 is a PDZ-and BAR-domain-containing protein originally identified as a protein kinase C-binding partner in yeast 2-hybrid assays. 37 Many membrane proteins have been reported to interact with PICK1. 38 Furthermore, PICK1 was recently reported to increase caveolin-dependent endocytosis of TβRI, which promotes its degradation, and its effect was abolished by inhibition of autophagy. 27 Here, we uncovered a direct interaction between Sirt7 and PICK1, and we demonstrated that PICK1 knockdown rescues the effect of Sirt7 depletion on the reduction of TβRI. In Figure 7E and 7G, PICK1 was decreased by autophagy activator or Sirt7 siRNA, but it was increased by autophagy inhibitor. These results suggest that PICK1 is regulated in the same direction as p62, depending on the status of autophagy. These data suggest that PICK1 is a novel adaptor protein of autophagy that is associated with TβRI degradation (Figure 8) . However, at present, the exact molecular mechanisms by which Sirt7 modifies PICK1 activity are not clear, and further studies are required to clarify this point.
Angiogenesis is required for proper wound healing process through its supply of oxygen and nutrients. 39 Although Sirt7 is reported to play an important role in tumorigenesis, 7, 8 its role in angiogenesis has not been elucidated. We observed a delayed angiogenic response in Sirt7 −/− mice and impaired endothelial cell function in Sirt7-knockdown experiments in human umbilical vein endothelial cells. Hubbi and coworkers 40 reported recently that Sirt7 suppressed hypoxia-inducible factor-1α protein levels and the transcriptional activity of angiogenic growth factors in Hep3B and HeLa cells, suggesting that Sirt7 acts as negative regulator of angiogenesis. However, we did not observe any change in hypoxia-inducible factor-1α protein levels in ischemic adductor muscle in WT and Sirt7 −/− mice ( Figure IIE in the online-only Data Supplement). This discrepancy could be attributable to differences in cell types and the different mechanism suggested being involved in impaired endothelial cell function by Sirt7 knockdown. One possible mechanism is TGF-β signaling because Sirt7 deficiency reduced TβRI in endothelial cells. It was reported that TGF-β signaling positively regulates cell Figure 8 . Schematic diagram of the proposed mechanisms of Sirt7-regulated transforming growth factor-β type I receptor (TβRI) signaling. Sirt7 maintains the TβRI protein level by modulating autophagy and protein interacting with protein kinase-Cα (PICK1). In the absence of Sirt7, PICK1 and TβRI protein levels were decreased, which is associated with reduction in TGF-β signaling. These changes were inhibited by autophagy inhibitor, indicating that PICK1 level changes in parallel with TβRI, depending on the status of autophagy. On the basis of the present findings, we speculate that the Sirt7-PICK1 interaction is critical for TβRI breakdown and that PICK1 is a potentially novel adaptor protein of autophagy that is involved in TβRI degradation. mTOR indicates mammalian target of rapamycin complex. by guest on August 31, 2017 http://circ.ahajournals.org/ Downloaded from September 22, 2015 proliferation and migration in endothelial cells. 41 Other reports showed that TGF-β activates nuclear factor-κB by inducing phosphorylation of Ikappa B kinase. 42 These reports and the present findings suggest the involvement of Sirt7 in endothelial cell functions and inflammatory responses by modulating TGF-β signaling in endothelial cells.
We reported previously that aged-Sirt7 −/− mice exhibit extensive myocardial fibrosis, which leads to excessive collagen accumulation under physiological conditions. 10 In contrast, loss of Sirt7 reduces fibrotic scar formation in response to acute tissue injury. In this context, it is important to emphasize that the mechanism underlying post-MI scar formation is different from that of age-dependent fibrosis in the myocardium. Previous studies indicated that reduced TGF-ß signaling impairs wound healing in aged mice after MI 33, 43 but does not consistently prevent age-dependent fibrosis in the myocardium. In fact, reduced TGF-ß signaling was assumed to contribute to the development of fibrosis in the aged heart, 10 although so far not all details are completely understood. TGF-ß affects the inflammatory responses through 2 mechanisms: It stimulates the inflammatory response during the initial healing process after MI, thus facilitating resolution of inflammation, and it attenuates fibrosis during the later part of the healing process.
33 Sirt7-dependent enhancement of TGF-ß signaling could therefore contribute to more efficient scar formation during wound healing but at the same time prevent chronic fibrosis in aging hearts by mitigating inflammation. This hypothesis also fits well with the agedependent increase in the levels of profibrotic inflammatory cytokines interleukin-4, interleukin-13, macrophage inflammatory protein-3ß, and macrophage inflammatory protein-3α in Sirt7-deficient hearts. 10 In addition, mitochondrial dysfunction, which promotes cardiomyocyte apoptosis and fibrosis, 44 might contribute to enhanced fibrosis in aged Sirt7 −/− mice. Mitochondrial dysfunction and cardiac failure were recently described in aged Sirt7 −/− mice. 45 Loss of Sirt7 also results in increased p53 acetylation in the cardiomyocytes of aged Sirt7 −/− mice, 10 which enhances apoptosis and increases fibrosis.
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Conclusions
We demonstrated that Sirt7 contributes to wound healing by stabilizing TβRI, enabling efficient TGF-β signaling. Because TGF-β modulates a wide variety of cellular responses, Sirt7 seems an attractive therapeutic target to modulate disease progress not only in cardiovascular disorders but also in other conditions, including fibrotic diseases and malignancies.
CLINICAL PERSPECTIvE
The Sir2 family is a NAD + -dependent histone and protein deacetylase, which was originally identified as a regulator of gene silencing in yeast. Sir2 is involved in a wide range of cellular responses, such as stress resistance, senescence, tumorigenesis, and energy metabolism. The Sir2 family of enzymes is well conserved from bacteria to humans and seven different homologs of yeast Sir2, termed sirtuin, exist in mammals. Sirt7 was identified as a seventh member of sirtuin. Cardiac Sirt7 transcript expression is decreased upon aging. On the other hand, Sirt7 expression is increased in malignant tumors, and a recent study showed that Sirt7 promotes the invasion of cancer cells. Because tumor growth and metastasis require fibrotic and angiogenic responses, we hypothesized that Sirt7 plays a role in cardiovascular tissue repair process. In the present study, using homozygous Sirt7-deficient mice, we found that: 1) Sirt7 contributes to scar formation, angiogenesis, and inflammation; 2) loss of Sirt7 attenuates TGF-β signaling, which is associated with reduction in TβRI protein; and 3) Sirt7 maintains TβRI protein by modulating autophagy. To our knowledge, this is the first study that describes the functional role of Sirt7 in tissue repair process in response to acute cardiovascular insults. Since TGF-β modulates a wide variety of cellular responses, Sirt7 seems a potentially attractive therapeutic target to modulate disease progress, not only in cardiovascular disorders, but also in other conditions including fibrotic diseases and malignancies.
SUPPLEMENTAL MATERIAL Supplemental Methods
Mice Angiotensin II infusion model. Angiotensin II (Peptide Institute, Osaka, Japan) or saline alone was subcutaneously infused via an osmotic minipump (Alzet, CA) at the rate of 1.44 mg/kg/day for 2 weeks.
Laser Doppler perfusion imaging. Under pentobarbital anesthesia, laser Doppler perfusion imaging was performed at baseline, immediately after surgery and at 1, 3, 5, 7, 14, 21 and 28 days after surgery, as described previously 1 .
Cell culture. Primary cardiac fibroblasts were isolated from the heart of 1-day or 12-monthold WT or Sirt7 -/-mice using Collagenase type II or Liberase TH (0.25 mg/ml, Roche) 2 .
Primary mouse endothelial cells and primary mouse dermal fibroblasts were prepared as described previously with some modification 3, 4 . Briefly, primary dermal fibroblasts were isolated from the dorsal skin of 10-week-old WT or Sirt7 -/-mice using Collagenase type II (3 mg/ml, Sigma). After filtering the digested tissue using a 70 µm mesh (Miltenyi Biotec), cells were centrifuged and cultured under standard conditions at 37°C in 5% CO2 in Dulbecco's modified Eagle medium (DMEM) with 1 g/l glucose supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 IU/ml penicillin and 100 mg/ml Tube formation assay. To each well of the 24-well plate, we added 250 μl of BD matrigel matrix (BD Bioscience) followed by incubation for 30 min in 5% CO2 at 37°C. After incubation, HUVECs were seeded at a concentration of 100,000 cells per well, and incubated with 500 μl of EGM2 containing 2% FBS in 5% CO2 at 37°C. Eight hours later, tube formation was quantified by measuring the tube length (Lumina Vision, Minato Corp).
Scratch migration assay.
HUVECs were seeded in 6-well plates, and the dishes were incubated at 37°C until cells reached 100% confluence to form a monolayer. A p200 pipette tip was used to create a scratch of the cell monolayer. The plate was washed twice and EGM-2 containing 1% FBS was replaced with a fresh medium. Immediately after the scratch and after 7.5 hours, the cells were observed microscopically and images were acquired. Cell migration was quantified by measuring the migrated area (Lumina Vision).
Quantitative real-time PCR. Total RNA was prepared using a Qiagen RNeasy fibrous minikit according to the protocol supplied by the manufacturer, and cDNA was prepared using T-PCR System 2700 (Applied Biosystems). Quantitative real-time PCR was performed as described previously 5 . Transcript expression levels were determined as the number of transcripts relative to those for ribosomal 18S (r18S) normalized to the mean value of the control.
Western blot analysis. Western blotting was performed with a SDS-PAGE Electrophoresis System as described previously 5 . Primary antibodies against p-smad2 (Millipore), totalsmad2/3, smad2, phosphor p38 MAPK, p38 MAPK, p62, LC3, glyceraldehyde-3-phosphate 
